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Abstract
Growing up in an urban area has been associated with an increased chance of mental
health problems in adults, but less is known about this association in adolescents. We
examined whether current urbanicity was associated with mental health problems directly
and indirectly via biological stress system functioning. Participants (n = 323) were adoles-
cents from the Dutch general population. Measures included home and laboratory assess-
ments of autonomic nervous system and hypothalamic-pituitary-adrenal axis functioning,
neighborhood-level urbanicity and socioeconomic status, and mother- and adolescent self-
reported mental health problems. Structural equation models showed that urbanicity was
not associated with mental health problems directly. Urbanicity was associated with acute
autonomic nervous system and hypothalamic-pituitary-adrenal axis reactivity such that ado-
lescents who lived in more urban areas showed blunted biological stress reactivity. Further-
more, there was some evidence for an indirect effect of urbanicity on mother-reported
behavioral problems via acute autonomic nervous system reactivity. Urbanicity was not
associated with overall autonomic nervous system and hypothalamic-pituitary-adrenal axis
reactivity or basal hypothalamic-pituitary-adrenal axis functioning. Although we observed
some evidence for associations between urbanicity, biological stress reactivity and mental
health problems, most of the tested associations were not statistically significant. Measures
of long-term biological stress system functioning may be more relevant to the study of
broader environmental factors such as urbanicity.
Introduction
Adolescence marks a unique period in human development when individuals transition from
parent-protected childhood to social independence. This transition is facilitated by major psy-
chosocial, hormonal, and neuronal maturational changes [1–4], which allow adolescents to
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gain the experiences and competencies they need to navigate the adult world. However, this
plasticity also taxes adolescents with a heightened vulnerability to mental health problems [5,
6]. This normative growth and heightened vulnerability are driven, in part, by an increase in
exploratory and risk-taking behavior [7]. Due to this increased exploratory behavior, broader
socio-environmental influences such as the neighborhood may exert stronger effects on ado-
lescents relative to children [8, 9].
Given adolescents’ sensitivity to the broader social environment [8], neighborhood effects
such as socioeconomic conditions, urbanicity, exposure to violence, social norms and institu-
tional resources may be especially relevant for their development [10]. Living in an urban com-
pared to a rural area, notably, seems to be associated with an increased risk of mental health
problems [11]. This effect seems to be independent of other known risk factors such as sex,
ethnicity, socioeconomic status and drug use [12]. Evidence exists for both a causal effect of
urbanicity on mental health [12] as well as for the selective migration of individuals at risk for
mental health problems toward more urban areas, which seems to be in part genetically driven
[13]. Thus, the urbanicity-mental health association seems to be a combination of reciprocal
influences between individuals and the wider social environment [14].
Urbanicity and mental health
There is a substantial body of literature showing that adult inhabitants of urban areas are more
likely to be diagnosed with a psychiatric disorder compared to those living in more rural areas
[11, 15–17]. Retrospective studies showed that this increased risk for mental health problems
may be even greater for those who grew up in a city [18], suggesting that the effects of an
urban environment on mental health may be particularly influential during youth. A few stud-
ies in children corroborated this, demonstrating that those living in urban areas were more
likely to be diagnosed with autism spectrum disorder and attention deficit disorder [19–22], to
exhibit sub-clinical behavioral and emotional problems [23, 24], and to report symptoms of
psychosis [25] compared to those living in more rural areas. Importantly, these effects
remained when controlling for other individual-, family- and neighborhood-related con-
founders such as socioeconomic status, parental psychopathology and neighborhood cohesion
[23, 25]. The previous research suggests that the association is not specific to certain psychiat-
ric disorders, rather, that it pertains to a broad range of problems, both behavioral and emo-
tional in nature.
A number of studies showed that urbanicity might affect adolescents’ mental health as well.
One of the first studies on neighborhood effects on youth showed that rates of juvenile delin-
quency were higher in urban areas [26]. Since then, researchers reported that adolescents liv-
ing in urban areas were more likely to be diagnosed with a psychiatric disorder [27], and had
symptoms of depression (especially in females) [28], aggression [29], and psychosis (if they
had pre-existing psychotic symptoms) [30] compared to those living in more rural areas. How-
ever, others reported no association between urbanicity and depression in adolescents [31, 32].
The consensus from studies in children and adults seems to be that those living in urban areas
are more likely to have (sub-clinical symptoms of) mental health disorders than those living in
areas that are more rural. Regarding adolescents, the evidence is more mixed.
Social stress in urban areas
Despite the evidence of a higher incidence of mental health problems in urban areas, the
mechanisms underlying this association are not well understood. One of the most prominent
hypotheses at this point is that social stress is greater in cities [33]. Social stress in humans is
elicited by, for example, a crowded environment [34], greater anonymity [35], competition for
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resources [36], perceived isolation [37], encounters with strangers and unclear dominance
order [38], all of which may be more common in urban areas. Due to these factors, the threat
of social evaluation and defeat increases [36, 39]. These social stress factors, in turn, are
strongly predictive of a greater risk for mental health problems [40].
The biological stress systems
Humans process social stress by activation of the biological stress systems. Moreover, biologi-
cal stress system functioning has been put forth as a potential mechanism underlying the asso-
ciation between social-environmental factors, such as urbanicity, and mental health [14].
Humans are equipped with two major biological stress systems: the hypothalamic-pituitary-
adrenal (HPA) axis and the autonomic nervous system (ANS). The production of cortisol, the
end-product of the HPA axis, follows a circadian rhythm, with a peak approximately 30 min-
utes after awakening (i.e. the cortisol awakening response) followed by a gradual decline across
the day [41]. The HPA axis and ANS are activated when an individual encounters a stressor,
allowing the individual to respond adaptively. Catecholaminergic activation of the ANS is
quick and serves the ‘fight or flight’ response and can be detected by, for example, an increase
in heart rate [42]. The HPA axis responds more slowly and can be detected by increased levels
of cortisol approximately 20 minutes after onset of the stressor [41].
Biological stress reactivity can be measured in different ways. Of these, acute and overall
stress reactivity are widely used. Acute stress reactivity is an indication of the strength of the
biological stress response. It may be characterized by more inter-individual variation as it is
calculated by subtracting the lowest resting cortisol or heart rate value (during rest) from the
highest cortisol or heart rate value (during stress) [43]. Overall stress reactivity is a measure of
the overall pattern of responsivity during stress and is indexed by calculating the area under
the curve (AUC) [44]. All biological data are included in the measure (from rest and stress
periods), therefore some of the biological recovery from stress, i.e., the decline in stress levels
following a stressor, may be included in this measure.
Although most individuals will respond biologically to a stressor, there are substantial
between-person differences in this responsivity. Hyper-responsivity (exaggerated responding
to a stressor and/or flatter cortisol curves across the day) and hypo-responsivity (blunted
responding to a stressor) are both considered to indicate stress system dysregulation [45], and
have been associated with mental health problems [46, 47]. During adolescence, the stress sys-
tems undergo developmental changes such that adolescents show heightened HPA axis reac-
tivity and quicker ANS recovery than children and adults [48–52].
Urbanicity and biological stress system functioning
Living in a stressful environment is known to disrupt the normal functioning and develop-
ment of the stress systems [40, 53]. Urban environments may be more stressful than rural envi-
ronments, due to heightened social stress in these places [33]. There is some evidence that
living in an urban environment is associated with dysregulated stress system functioning.
Results from neuroimaging studies showed that adults who currently lived in and grew up in a
city showed differential limbic brain area responsivity to psychosocial stress compared to
adults who lived in and had grown up in rural areas and small towns [54–56]. Furthermore,
urban upbringing in adults was associated with a blunted cortisol awakening response and
dysregulated HPA axis responses compared to growing up in rural areas and small towns [57].
Similarly, adults living in urban areas showed dysregulated ANS responses to a speech stressor
compared to adults living in rural areas [58].
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Very little is known about the association between urbanicity and stress system functioning
in youth. In a study on determinants of biological stress system reactivity in youth, in the same
sample as was used in the current study, we observed a fairly strong association between living
in more urban areas and blunted HPA axis and heart rate reactivity in adolescents [59]. A
recent study in a different sample showed no association between urbanicity and HPA axis
functioning in children [60].
The current study
In sum, previous research showed that living in a more urban environment may be associated
with an increased risk for mental health problems (arrow C, Fig 1). Moreover, living in an urban
area may contribute to dysregulation of the biological stress systems (arrow A, Fig 1). In light of
evidence that biological stress system dysregulation is related to risk for mental health problems
in youth, in particular to behavioral problems (arrow B, Fig 1) [61, 62], we proposed that dysre-
gulated biological stress system functioning underlies the association between urbanicity and
mental health problems (A & B> C). This hypothesis was recently examined in children, and
rejected [60, 63]. However, these associations have not yet been examined in adolescents. Many
developmental changes take place during adolescence. Specifically, adolescents show increased
exploratory behavior and susceptibility to influence from the broader social environment [8],
therefore urbanicity may be particularly relevant for their mental health. Biological stress system
maturation [51], and general neurophysiological plasticity [6] during adolescence contribute to
heightened vulnerability to mental health problems. Furthermore, evidence suggests that puberty
(which occurs during or just prior to adolescence) may be a sensitive period during which the
biological stress system becomes attuned to the environment [64]. Research on the association
between urbanicity and mental health also showed that urbanicity had a stronger effect in youth
than in adults [65]. Thus, it is possible that associations between urbanicity, stress system func-
tioning and mental health are particularly relevant during adolescence.
In the current study, we aimed to examine these associations in a sample of adolescents
from the Dutch general population. Using cross-sectional data, we utilized a path analysis to
Fig 1. Proposed model of the current study. The proposed model was tested using two indices of mental health
(behavioral and emotional problems, each reported by adolescents themselves and their mothers) and five indices of
biological stress system functioning (overall ANS reactivity, acute ANS reactivity, overall HPA axis reactivity, acute
HPA axis reactivity and basal HPA axis functioning). Urbanicity was measured at the neighborhood level, based on the
surrounding address density.
https://doi.org/10.1371/journal.pone.0228659.g001
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examine whether urbanicity was associated with sub-clinical mental health problems (i.e.
behavioral and emotional problems) directly, and indirectly via biological stress system func-
tioning (i.e. basal HPA axis functioning, and HPA axis and ANS reactivity). We hypothesized
that living in a more urban area would be directly associated with exhibiting more mental
health problems directly, and indirectly via biological stress system functioning. We controlled
for neighborhood- and family-level socioeconomic status, and thus tested proposed effects of
urbanicity on biological stress system functioning and mental health independent of socioeco-
nomic conditions. The research questions, methodology and analyses for the current study
were peer-reviewed and pre-registered at the Open Science Framework [66].
Materials and methods
Participants
Adolescents were part of a larger longitudinal general population study in the Netherlands that
examined the development of behavioral and emotional problems in youth (JOiN study) [67,
68]. Participants were randomly drawn from the municipal registers of 35 municipalities in
the province of South Holland, the Netherlands (see S1 Fig for a flow chart). In this study, we
used data from the first (T1, N = 1710) and second (T2, N = 990) assessment waves. We used
primarily data from T2 in the current study, with the exception of family socioeconomic status
which was assessed at T1 and address information at T1 which was used to exclude partici-
pants who had moved between T1 and T2. Complete data were available for 323 adolescents
(see Available data). About half (54%) of the sample was female, the majority (86%) were of
Dutch or other western background, and most (64%) were from a higher socioeconomic
background.
Procedure
The Erasmus University Medical Center Ethics Committee approved the study. Parents and
adolescents gave informed consent and assent, respectively, at each measurement wave. T2
(November 2004-March 2009) took place between one and four years after T1 (December
2003-April 2005). At T2, adolescents and their parents completed questionnaires and adoles-
cents collected saliva samples at home on a normal day (in order to measure basal HPA axis
functioning) and participated in a psychosocial stress procedure (in order to measure HPA
axis and ANS reactivity). The psychosocial stress procedure took place at the Erasmus Univer-
sity Medical Center in Rotterdam or at temporary testing locations nearer to adolescents’
homes. It commenced with an explanation of the procedure by the experiment leader. After
completing some questionnaires, the electrodes of the electrocardiogram were attached and
participants were told to breathe normally and to relax. Electrocardio-activity was monitored
constantly during the procedure. During the procedure, salivary cortisol was collected six
times (see Fig 2). After a 10-minute pre-task rest period, the social stress tasks began, which
were characterized by uncontrollability and social-evaluative threat and thus designed to elicit
a biological stress response [69]. The tasks consisted of a mental arithmetic task (i.e. mental
serial subtraction, four minutes), a public speaking task (eight minutes of mental preparation,
six minutes of speech), and a computer mathematics task (numerical ordering, five minutes).
Each task was performed in front of the test leader, and the speech was recorded on a digital
camera. The session ended with a five-minute recovery period and a relaxing nature documen-
tary (25 minutes). Perceived stress was self-reported five times during the procedure and used
to determine whether the procedure was perceived as stressful.
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Measures
Indices of mental health problems. Mothers and adolescents completed the Dutch ver-
sions of the Child Behavior Checklist 6–18 [70] and the Youth Self Report [71], respectively.
The versions contain 118 and 112 questions, respectively, that pertain to mental health prob-
lems and are answered on a scale of 0 to 2. The questionnaires were completed at home and
brought to the university for the psychosocial stress procedure session. The index for behav-
ioral problems consisted of the mean of the Attention Deficit Hyperactivity Problems, Opposi-
tional Defiant Problems and Conduct Problems subscales. The index for emotional problems
consisted of the mean of the Anxiety Problems, Depression Problems and Somatic Problems
subscales. Tau-equivalent reliability coefficients (also known as Cronbach’s alpha, as a measure
of internal consistency) were .86 and .82 for behavioral problems and .84 and .83 for emotional
problems on the mother- and self-reports, respectively.
Current urbanicity. Current urbanicity was measured at the neighborhood level. Neigh-
borhoods are defined by Statistics Netherlands as part of one municipality and with a homoge-
nous socioeconomic structure. In the Netherlands, neighborhoods consist of 1400 inhabitants
on average (ranging between 35 and 28,380 as of 2018) [72]. Using the six-digit zip code of
Fig 2. Means and standard deviations of all perceived and (raw) biological stress indices. Lines refer to means and error bars to standard deviations of all perceived
(top left) and biological (heart rate: top right, reactivity cortisol: bottom left, basal cortisol: bottom right) stress indices. The evening measurement of basal cortisol was
taken at 20.00. MAT = mental arithmetic task, PST = public speaking task, CT = computer task, prep = preparation, Doc = documentary.
https://doi.org/10.1371/journal.pone.0228659.g002
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participants’ home address, we extracted data on the neighborhood they lived in for the year
that they participated in the psychosocial stress procedure (1% of the sample participated in
2004, 1% in 2005, 17% in 2006 and 56% in 2007, 18% in 2008 and 7% in 2009) from Statistics
Netherlands [73].
Current urbanicity was indicated by a five-category scale that was calculated by Statistics
Netherlands using the surrounding address density (SAD). The SAD is a continuous measure
indicating the degree of human activity in a given area [74]. It is based on the number of
addresses within a one-kilometer radius around an address and is calculated by computing the
mean SAD of all addresses in a neighborhood. Urbanicity is then coded on a scale from 0 (very
rural; SAD < 500 addresses per km2) to 4 (very urban;� 2500 addresses per km2). We utilized
the categorical coding of urbanicity in order to improve the generalizability of our findings as
this measure is commonly used [75–77] and recommended by Statistics Netherlands [74].
Indices of biological stress system functioning. To assess biological stress system func-
tioning, we obtained five indices: two indices of ANS reactivity, two indices of HPA axis reac-
tivity, and one index of basal HPA axis functioning. ANS reactivity was assessed by
monitoring adolescents’ heart rate (HR) constantly throughout the entire stress procedure. HR
was measured using a three-lead electrocardiogram and a digital recorder (VitaportTM System,
TEMEC Instruments B.V., Kerkrade, the Netherlands). Data were imported and processed
using a VitascoreTM software module (TEMEC Instruments B.V., Kerkrade, the Netherlands).
This program calculated the interbeat intervals (IBI) of the electrocardiogram signal using R-
top detection, resulting in IBI time series which were inspected for detection and removal of
artifacts. HR time series were calculated from these IBI time series and expressed in beats per
minute; the HR time series were subsequently averaged per period during the stress procedure.
Fig 2 depicts when each stress measurement was taken during the stress procedure. An area
under the curve with respect to increase (AUCiHR) [44] was calculated from the mean HR
during each period of the stress procedure as an index of overall ANS reactivity. The AUCi was
calculated if data were available for at least the pre-task rest period, one of the stressful tasks,
and the recovery period. We calculated the maximum response for heart rate (MRHR) by sub-
tracting the average heart rate during the pre-task rest from the maximum average heart rate
during any of the three stressful tasks as an index of acute ANS reactivity [43, 78].
Salivary cortisol was collected six times during the psychosocial stress procedure by passive
drooling. Taking into account the approximate 20-minute delay between activity in the hypo-
thalamus and observable changes in salivary cortisol levels [41], the first two measurements
(Reactivity Cortisol 1; RC1; and RC2) corresponded to cortisol levels during the pre-task period,
RC3-RC5 corresponded to cortisol levels during each of the three stressful tasks, and RC6 corre-
sponded to cortisol levels during the recovery period (see Fig 2). All sessions began in the early
(approximately 12:00) or late (approximately 15:30) afternoon. All samples were sent collectively
to a laboratory (Technical University Dresden, Dresden, Germany) for analysis. Cortisol levels
greater than three standard deviations above the mean were removed due to potential contami-
nation (e.g. by blood or medicine). An AUCi (AUCiC) was calculated as an index of overall HPA
axis reactivity if the measurements RC1 or RC2, plus RC3 or RC4 or RC5, plus RC6 were avail-
able. The lower value of RC1 and RC2 was used in the calculation. The maximum response for
cortisol (MRC) was calculated by subtracting the lower value of RC1 and RC2 from the highest
value of RC3, RC4 or RC5 as an index of acute HPA axis reactivity [43, 79].
An additional four tubes were sent to participants’ homes by mail. They were given detailed
written and verbal instructions on the time and manner (passive drooling) of sample collec-
tions, and to preserve the tubes in the freezer until transportation to the university. Partici-
pants collected samples directly upon awakening (Basal Cortisol 1; BC1), 30 minutes thereafter
(BC2), at 12:00 (BC3) and at 20:00 (BC4). From these samples, we calculated the area under
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the curve with respect to ground (AUCgC) [44] in order to assess basal HPA axis functioning,
as long as BC1, BC2 and BC4 were available. Our original pre-registered analysis plan included
only the overall reactivity (AUCiC and AUCiHR) and basal HPA axis functioning (AUCgC)
indices [66]. The acute stress reactivity measures were included post hoc, in light of newly pub-
lished recommendations regarding stress reactivity indices [43].
Covariates. Neighborhood socioeconomic status, measured at the neighborhood level,
was controlled for in all models. It was indicated by 15 characteristics of the neighborhood
reported by Statistics Netherlands (e.g. average value of housing, proportion of persons with a
high income). A principal components analysis of these variables was run in the larger JOiN
sample population (all participants for whom address data was available at T2; n = 1105) in
order to summarize them, resulting in two components that together explained 63% of the var-
iance: employment (explaining 46% of the variance) and income (explaining 17% of the vari-
ance). The factor scores on these two components were used in the analysis.
We further controlled for family socioeconomic status, age and sex of the adolescent, and
potential correlates of stress system functioning. Socioeconomic status of the family was based
on the education level of both parents, reported by a parent at T1. We used the higher educa-
tion level of either parent, categorized into three levels (i.e. 0 = completed primary education
only or lower secondary education, 1 = completed higher secondary education, and 2 = com-
pleted college or university) based on the Dutch Education Level Division [80]. Sex and birth
date (to calculate age at T2) of the adolescent were mother-reported.
We examined several potential covariates that could influence stress system functioning
[59]. These included ethnicity of the adolescent (0 = Dutch or western immigrant background,
1 = non-western immigrant background; mother-reported), pubertal stage (using self-reported
Tanner stages) [81], season of sampling (0 = spring/summer, 1 = autumn/winter; cortisol
only), medicine and nicotine use (0 = no use, 1 = use; self- and mother-reported), whether
girls had reached menarche and used oral contraceptives (0 = no; 1 = yes; self- and mother-
reported), and girls’ menstrual cycle phase (0 = follicular; 1 = luteal). Specifically for HPA axis
and ANS reactivity, we examined body mass index (based on height and weight measured
prior to the psychosocial stress procedure), whether adolescents had consumed caffeine, dairy
products or engaged in physical exercise on the day of the psychosocial stress procedure
(0 = no, 1 = yes; self- and mother-reported), and the time of day (0 = early, 1 = late afternoon)
at which the psychosocial stress procedure took place. We determined which potential covari-
ates would be included in the analyses pertaining to ANS and HPA axis functioning by calcu-
lating bivariate correlations between the stress indices and the potential covariates.
Perceived stress. Self-reported perceived stress was assessed five times during the psycho-
social stress procedure (i.e. after the pre-task rest, each of the stressful tasks, and at the end of
the procedure, see Fig 2) and used in a manipulation check to determine whether the proce-
dure was perceived as stressful. Participants answered seven questions (see S1 File) using a
visual thermometer (Gevoelsthermometer [Feelings thermometer]) ranging from 0 to 8 (avail-
able at https://www.pearsonclinical.nl/adis-c-complete-set). The scores were summed to a
total score of perceived stress at each time point.
Available data. We included adolescents in the analyses if they lived in the same neigh-
borhood between T1 and T2, in order to minimize within-subject variance in neighborhood-
level variables. Of the 509 adolescents who participated in the T2 measurement, 34 moved to a
different neighborhood and neighborhood information was not available from Statistics Neth-
erlands for one individual, therefore these were excluded. At T2, outcome data (mother- and/
or self-report) were available for 377 adolescents and 345 adolescents participated in the psy-
chosocial stress procedure. After biological stress data cleaning, data were available on the pre-
dictor, outcome, and at least one of the stress variables for 323 adolescents, which made up our
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final sample (see S1 Fig). Of the 509 adolescents who participated in T2, the adolescents
included in the final sample differed from those who were not on a number of characteristics
(i.e. more self-reported behavioral problems, higher neighborhood socioeconomic status and
older age, see S1 Table).
Statistical analysis
First, because some of the adolescents lived in the same neighborhood, we examined whether
it was necessary to control for this similarity in environment. We calculated intraclass correla-
tions (ICC) using empty models, in order to determine whether neighborhood explained suffi-
cient variance in these measures (using the R [82] package ‘Multilevel’ [83]). As this was not
the case (see S2 Table for details), we did not include neighborhood as a level in the analyses.
We then determined which potential covariates would be included in the analyses pertaining
to ANS and HPA axis functioning by calculating bivariate correlations between the stress indices
and all potential covariates (see section Covariates above). Variables that correlated significantly
with the stress indices were included in the relevant analyses. We then ascertained whether the
psychosocial stress procedure had induced perceived and biological stress by conducting a
manipulation check by way of repeated-measures analysis of variance (ANOVA) on the per-
ceived stress, heart rate and cortisol measurements across the psychosocial stress procedure.
Subsequently, we calculated descriptive statistics of and correlations between all variables,
and checked for influential data points using Cook’s distance (criterion D< 1). All variables
were centered and standardized prior to the main analyses. The main analyses consisted of
path analysis models in which the outcome measures of behavioral and emotional problems
were estimated in separate models, and urbanicity was the main predictor. In each model,
mother- and adolescent self-reported behavioral or emotional problems were estimated simul-
taneously. In each model (see Fig 1), we assessed whether urbanicity was associated with
behavioral or emotional problems directly, and indirectly via biological stress system function-
ing (i.e. overall ANS reactivity, acute ANS reactivity, overall HPA axis reactivity, acute HPA
axis reactivity and basal HPA axis functioning). In both models, we controlled for neighbor-
hood socioeconomic status (employment and income), family socioeconomic status, sex and
age of the adolescent, and any covariates related to stress system functioning. Because it has
been suggested that socioeconomic conditions may underlie the association between urbani-
city and mental health [14], we also ran the main analysis models without controlling for
neighborhood and family socioeconomic status, as a supplementary analysis. To assess model
fit, we used the Comparative Fit Index (CFI; with values> 0.95 indicating good fit), the Stan-
dardized Root Mean Squared Residual (SRMR; with values < 0.08 indicating good fit), and the
Root Mean Square Error of Approximation (RMSEA; with values < 0.05 indicating good
and< 0.01 indicating excellent fit [84]). Effects were considered significant at p< .05. We per-
formed the main analyses in the lavaan package [85], version 0.6–5, of R [86] using full infor-
mation maximum likelihood estimations. Subsequent to the main analyses, we performed a
(post hoc) power analysis using the semPower package [87] of R. Given our RMSEA criteria of
0.05, alpha criteria of .05, sample size of 323, and degrees of freedom of 49 (model predicting
behavioral problems) and 48 (model predicting emotional problems), we had a power of 0.93
and 0.92 for the models predicting behavioral and emotional problems, respectively.
Results
Manipulation check
Compared to the pre-task rest period, perceived stress and HR increased (see S3 Table). Corti-
sol levels did not increase, which was due to high cortisol levels during the pre-task rest, most
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likely because of anticipation effects [52, 59, 88]. Cortisol levels did increase during the stress-
ful tasks compared to the post-task resting period, which confirms a cortisol response.
Preliminary results
Descriptive statistics of and correlations between all variables are portrayed in Table 1 and S4
Table, respectively. Descriptive statistics of all raw biological and perceived stress variables are
illustrated in Fig 2. Percentages of participants in each of the five categories of the urbanicity
scale are given in S2 Fig. In both models, we controlled for neighborhood-level socioeconomic
status (employment and income), family socioeconomic status, sex and age. Biological stress
system covariates were sex and pubertal stage for ANS reactivity; body mass index for acute
ANS reactivity; sex, age, and test day exercise for overall HPA axis reactivity; age and season
for acute HPA axis reactivity; and sex for basal HPA axis functioning.
Model 1: Behavioral problems
In the first model, we tested the effects of urbanicity on self- and mother-reported behavioral
problems directly, and indirectly via biological stress system functioning. The model had good
fit (CFI = 0.95, SRMR = 0.04, RMSEA = 0.03). Urbanicity was not significantly associated with
behavioral problems, neither directly (arrow C, Fig 1) nor indirectly via most of the biological
stress variables (see Table 2). One indirect effect was statistically significant: urbanicity was
indirectly related to mother-reported behavioral problems via acute ANS reactivity (p = .04).
The biological stress indices were not associated with behavioral problems (arrow B, Fig 1),
with one exception: acute heart rate reactivity was associated with mother-reported behavioral
problems such that adolescents who exhibited more behavioral problems showed weaker acute
ANS reactivity. Urbanicity was significantly associated with two indices of stress system func-
tioning such that adolescents who were from more urban areas showed weaker acute ANS and
HPA axis reactivity (arrow A, Fig 1 and Tables 3 and 4). Urbanicity was not associated with
overall ANS and HPA axis reactivity and basal HPA axis functioning. In a supplementary anal-
ysis in which we did not control for neighborhood and family socioeconomic status, the results
were the same (see S5 Table, S6 Table and S7 Table).
Model 2: Emotional problems
In the second model, we estimated the associations between urbanicity and self- and mother-
reported emotional problems, directly and indirectly via biological stress system functioning.
The model had good fit (CFI = 0.95. SRMR = 0.04. RMSEA = 0.03). Urbanicity was not associ-
ated with emotional problems, neither directly (arrow C, Fig 1) nor indirectly via biological
stress system functioning (Table 5). Most of the stress indices were not associated with emo-
tional problems, except overall HPA axis functioning. This association was such that adoles-
cents whose mothers reported that they exhibited more emotional problems showed weaker
overall HPA axis reactivity (arrow B, Fig 1). In a supplementary analysis in which we did not
control for neighborhood and family socioeconomic status, the results were largely the same
(see S8 Table).
Discussion
In the current study, we examined whether urbanicity was associated with mental health prob-
lems directly and indirectly via biological stress system functioning in a sample of adolescents
from the Dutch general population. We did not observe a direct association between urbani-
city and mental health problems. There was some evidence for an indirect effect of urbanicity
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on mother-reported behavioral problems via acute ANS reactivity (i.e. maximum heart rate
response). The indirect effects via all other tested indices of biological stress system function-
ing were not statistically significant.
Recently, we examined the same research question as in the current study in a sample of
children. In that study, we found no evidence for the hypothesized associations between cur-
rent urbanicity and urban/rural upbringing. HPA axis functioning and mental health prob-
lems in two independent samples of children aged six to 12 years [60]. We then hypothesized
that these associations may be particularly relevant during adolescence given the developmen-
tal changes that take place during this period. Specifically, adolescents may be more susceptible
to influence from the broader social environment [8], the biological stress systems undergo
maturational changes during adolescence [51], and increased neurophysiological plasticity
contributes to a heightened vulnerability to mental health problems in adolescents [6]. In the
current study, we did observe some evidence for associations between urbanicity, biological
stress system functioning and behavioral problems, although the specific associations were not
consistent across stress systems or indices of stress system functioning. Our findings thus pro-
vide some support for the idea that associations between urbanicity, stress system functioning
and behavioral problems may be more salient during adolescence than in childhood.
Previous research in adults [11], children [25] and adolescents [28, 29] signaled a potential
association between urbanicity and mental health. In the current study, we did not replicate
this finding in adolescents. This is in line with a few other studies among adolescents [31, 32].
Furthermore, we did not observe this association in the children of the JOiN sample [60]. One
reason for the lack of association in our study may be due to our use of a general population
Table 1. Descriptive statistics for all variables.
Total sample Boys Girls
N M (SD) or F (%) Range N M(SD) or F (%) Range N M(SD) or F (%) Range
BP: self-report 298 1.40(0.73) 0.00–3.63 135 1.38(0.73) 0.00–3.44 163 1.41(0.73) 0.00–3.63
EP: self-report 298 0.89(0.68) 0.00–3.72 135 0.62(0.56) 0.00–3.49 163 1.11(0.69) 0.00–3.72
BP: mother-report 304 0.78(0.71) 0.00–3.44 139 0.76(0.64) 0.00–2.66 165 0.81(0.75) 0.00–3.44
EP: mother-report 304 0.57(0.58) 0.00–2.85 139 0.42(0.46) 0.00–2.85 165 0.71(0.63) 0.00–2.70
Urbanicity 323 2.52(1.34) 0.00–4.00 149 2.50(1.31) 0.00–4.00 174 2.54(1.37) 0.00–4.00
Heart rate (AUCi) 275 4639.88(609.83) 3332.21–7209.23 120 4559.99(635.19) 3332.21–6387.10 155 4701.74(584.03) 3388.44–7209.23
Heart rate (MR) 277 10.21(8.59) -10.69–39.95 121 9.38(8.17) -10.69–31.94 156 10.85(8.87) -4.16–39.95
Cortisol (AUCi) 301 329.23(212.61) 44.69–1580.98 133 364.40(249.67) 73.73–1580.98 168 301.39(173.69) 44.69–1103.10
Cortisol (MR) 300 1.08(3.39) -9.44–13.94 132 1.46(3.68) -8.07–10.93 168 0.79(3.12) -9.44–13.94
Cortisol (AUCg) 267 7154.37(2524.03) 616.35–15428.40 128 6574.87(2507.84) 616.35–15428.40 139 7688.02(2427.66) 2557.20–14043.90
SES Employment 323 0.17(0.86) -3.40–2.07 149 0.24(0.85) -3.04–2.07 174 0.12(0.88) -3.40–1.76
SES Income 323 0.05(0.95) -2.17–3.69 149 0.13(0.96) -1.85–3.69 174 -0.02(0.93) -2.17–3.31
Family SES (l/a/h) 323 11/25/64 143 11/29/60 164 11/22/67
Age 323 17.07(1.51) 13.00–20.83 149 17.15(1.36) 13.00–20.83 174 17.01(1.62) 13.00–20.67
Sex (boy/girl) 323 46/54
Pubertal stage 289 4.34(0.68) 2.00–5.00 137 4.26(0.67) 2.00–5.00 152 4.42(0.68) 2.00–5.00
Body mass index 314 21.73(3.27) 16.00–40.56 142 21.24(2.93) 16.00–31.44 172 22.14(3.48) 16.65–40.56
TD exercise (y/n) 323 16/84 149 85/15 174 84/16
Season (sum/win) 323 53/47 149 52/48 174 55/45
F = frequency; BP = behavioral problems; EP = emotional problems; AUCi = area under the curve with respect to increase; MR = maximum response; AUCg = area
under the curve with respect to ground; SES = socioeconomic status; l/a/h = low/average/high; TD = test day; y/n = yes/no; sum/win = spring and summer/autumn and
winter; urbanicity, SES employment and SES income were measured at the neighborhood level.
https://doi.org/10.1371/journal.pone.0228659.t001
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sample, in which we examined symptoms of mental health problems and not mental disorders.
Most of the previously reported associations between urbanicity and mental health examined
diagnoses of mental disorders as the outcome measure [11, 27, 30]. In our study, we were spe-
cifically interested in sub-clinical levels of mental health problems as less is known about this
in relation to urbanicity. Our findings suggest that urbanicity is not related to these sub-clini-
cal mental health problems in adolescents.
It is possible that the lack of association between urbanicity and mental health problems in
adolescents also has to do with the majority of the adolescents in our sample coming from
Table 2. Unstandardized estimates for structural equation models predicting behavioral problems.
Self-report Mother-report
Est SE z p CI Est SE z p CI
Intercept 0.07 0.27 0.27 .785 -0.45/0.60 -0.13 0.26 -0.51 .607 -0.63/0.37
Indirect effects
AUCiHR 0.01 0.01 1.19 .236 -0.01/0.03 0.00 0.01 0.29 .770 -0.01/0.02
MRHR -0.00 0.01 -0.04 .972 -0.02/0.02 0.03 0.02 2.03 .042 0.00/0.07
AUCiC 0.00 0.01 0.24 .807 -0.01/0.01 0.00 0.01 0.24 .808 -0.01/0.01
MRC 0.01 0.01 0.48 .634 -0.01/0.02 0.00 0.01 0.23 .817 -0.02/0.02
AUCg -0.00 0.00 -0.33 .738 -0.01/0.01 -0.00 0.00 -0.34 .731 -0.01/0.01
Direct effects
Urbanicity -0.11 0.07 -1.60 .110 -0.25/0.03 -0.02 0.07 -0.35 .727 -0.16/0.11
AUCiHR -0.13 0.07 -1.83 .068 -0.27/0.01 -0.02 0.07 -0.30 .767 -0.16/0.12
MRHR 0.00 0.07 0.04 .972 -0.13/0.14 -0.21 0.07 -3.11 .002 -0.34/-0.08
AUCiC -0.12 0.07 -1.58 .115 -0.26/0.03 -0.09 0.07 -1.32 .188 -0.24/0.05
MRC -0.03 0.07 -0.48 .629 -0.16/0.10 -0.02 0.07 -0.23 .817 -0.14/0.11
AUCg 0.05 0.07 0.74 .457 -0.08/0.18 0.06 0.06 0.94 .347 -0.07/0.19
SESem -0.05 0.07 -0.67 .500 -0.20/0.10 -0.12 0.07 -1.70 .090 -0.26/0.02
SESin -0.02 0.06 -0.41 .683 -0.14/0.09 0.02 0.06 0.39 .699 -0.09/0.13
SESfam -0.05 0.12 -0.37 .711 -0.28/0.19 0.05 0.12 0.44 .658 0.18/0.29
Sex -0.02 0.12 -0.14 .889 -0.26/0.22 0.05 0.12 0.44 .663 -0.18/0.28
Age -0.00 0.07 -0.06 .951 -0.13/0.12 -0.03 0.06 -0.54 .589 -0.14/0.08
Bold indicates p< .01; italics indicates p< .05; AUCiHR = area under the curve with respect to ground, calculated for heart rate; MRHR = maximum heart rate
response; AUCiC = area under the curve with respect to increase, calculated for cortisol; MRC = maximum cortisol response; AUCgC = area under the curve with
respect to ground, calculated for cortisol; SESem = socioeconomic status, employment component; SESin = socioeconomic status, income component; SESfam = family
socioeconomic status.
https://doi.org/10.1371/journal.pone.0228659.t002
Table 3. Estimates for structural equation model pathways predicting autonomic nervous system functioning variables.
Heart rate (AUCi) Heart rate (MR)
Est SE z p CI Est SE z p CI
Intercept -0.75 0.39 -1.94 .052 -1.51/0.01 0.01 0.06 0.12 .907 -0.11/0.12
Direct effects
Urbanicity -0.09 0.06 -1.58 .113 -0.21/0.02 -0.16 0.06 -2.69 .007 -0.27/-0.04
Sex 0.10 0.11 0.87 .385 -0.12/0.31 - - - - -
Puberty 0.14 0.08 1.68 .092 -0.02/0.31 - - - - -
BMI - - - - - -0.12 0.06 -2.12 .034 -0.23/-0.01
Bold indicates p< .01; italics indicates p< .05; AUCi = area under the curve with respect to increase; MR = maximum response; Puberty = pubertal stage; BMI = body
mass index; urbanicity was measured at the neighborhood level. Estimates are as reported in the model predicting behavioral problems.
https://doi.org/10.1371/journal.pone.0228659.t003
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families with relatively high socioeconomic status. Only 11% of the adolescents were from low
socioeconomic status families, as indicated by parent education levels. Higher family socioeco-
nomic status may act as a protective factor for mental health problems through, for example,
higher quality housing (with e.g. less crowding inside the house, better insolation against
noise) [89, 90], residency in neighborhoods with more green areas [91], or parenting. There is
Table 4. Estimates for structural equation model pathways predicting HPA axis functioning variables.
Cortisol (AUCi) Cortisol (MR) Cortisol (AUCg)
Est SE z p CI Est SE z p CI Est SE z p CI
Intercept 0.79 0.22 3.60 .000 0.36/1.23 0.38 0.17 2.20 .028 0.04/0.71 -0.70 0.19 -3.70 .000 -1.07/-0.33
Direct effects
Urbanicity -0.01 0.06 -0.25 .805 -0.12/0.10 -0.14 0.06 -2.44 .015 -0.26/-0.03 -0.02 0.06 -0.37 .710 -0.14/0.09
Age 0.03 0.05 0.60 .551 -0.07/0.13 -0.09 0.06 -1.40 .162 -0.21/0.03 - - - - -
Sex -0.23 0.10 -2.30 .022 -0.42/-0.03 - - - - - 0.46 0.12 3.91 .000 0.23/0.70
TD exercise -0.38 0.13 -3.00 .003 -0.63/-0.13 - - - - - - - - - -
Season - - - - - -0.25 0.11 -2.25 .024 -0.46/-0.03 - - - - -
Bold indicates p< .01; italics indicates p< .05; AUCi = area under the curve with respect to increase; MR = maximum response; AUCg = area under the curve with
respect to ground; TD exercise = test day exercise; urbanicity was measured at the neighborhood level. Estimates are as reported in the model predicting behavioral
problems.
https://doi.org/10.1371/journal.pone.0228659.t004
Table 5. Unstandardized estimates for structural equation models predicting emotional problems.
Self-report Mother-report
Est SE z p CI Est SE z p CI
Intercept -1.31 0.25 -5.16 .000 -1.81/-0.81 -0.89 0.25 -3.53 .000 -1.38/-0.40
Indirect effects
AUCiHR -0.00 0.01 -0.51 .609 -0.02/0.01 -0.00 0.01 -0.28 .779 -0.02/0.01
MRHR 0.00 0.01 0.02 .987 -0.02/0.02 0.02 0.01 1.44 .151 -0.01/0.04
AUCiC 0.00 0.01 0.30 .766 -0.01/0.01 0.00 0.01 0.30 .763 -0.02/0.02
MRC -0.01 0.01 -0.80 .427 -0.03/0.01 -0.01 0.01 -0.97 .332 -0.03/0.01
AUCg -0.00 0.00 -0.20 .845 -0.00/0.00 -0.00 0.00 -0.36 .717 -0.01/0.01
Direct effects
Urbanicity -0.07 0.07 -1.07 .286 -0.20/0.06 -0.09 0.07 -1.30 .195 -0.21/0.04
AUCiHR 0.04 0.07 0.54 .589 -0.10/0.17 0.02 0.07 0.29 .775 -0.12/0.16
MRHR -0.00 0.07 -0.02 .987 -0.13/0.13 -0.11 0.07 -1.70 .089 -0.24/0.02
AUCiC -0.10 0.07 -1.46 .146 -0.24/0.04 -0.15 0.07 -2.23 .026 -0.29/-0.02
MRC 0.05 0.06 0.84 .401 -0.07/0.18 0.07 0.06 1.06 .291 -0.06/0.19
AUCg 0.01 0.06 0.22 .826 -0.11/0.14 0.07 0.07 1.09 .275 -0.06/0.20
SESem -0.07 0.07 -1.02 .307 -0.21/0.07 -0.19 0.07 -2.75 .006 -0.32/-0.05
SESin -0.08 0.06 -1.36 .173 -0.18/0.03 0.03 0.06 0.55 .583 -0.08/0.14
SESfam 0.16 0.12 1.36 .175 -0.07/0.39 0.15 0.12 1.27 .204 -0.08/0.38
Sex 0.69 0.12 6.02 .000 0.47/0.92 0.45 0.12 3.94 .000 0.23/0.68
Age 0.08 0.06 1.36 .173 -0.04/0.20 0.09 0.06 1.52 .127 -0.02/0.19
Bold indicates p< .01; italics indicates p< .05; AUCiHR = area under the curve with respect to ground. calculated for heart rate; MRHR = maximum heart rate
response; AUCiC = area under the curve with respect to increase. calculated for cortisol; MRC = maximum cortisol response; AUCgC = area under the curve with
respect to ground. calculated for cortisol; SESem = socioeconomic status. employment component; SESin = socioeconomic status. income component; SESfam = family
socioeconomic status.
https://doi.org/10.1371/journal.pone.0228659.t005
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a robust association between parental education and parenting, such that parents with higher
educational levels tend to exhibit higher quality caregiving [92–94]. Thus, the majority of ado-
lescents in our sample may have been buffered by advantages at several levels that come with
having a higher socioeconomic status background.
In our study, we examined five indices of biological stress system functioning in order to
examine different aspects of the stress system in adolescents in relation to urbanicity and men-
tal health. Perhaps not surprising given the wealth of mixed findings in the biological stress lit-
erature, the associations tested in our study were not consistent across the different indices of
stress system functioning. Basal HPA-axis functioning is an index of how well the HPA axis
functions on a daily basis, which is important for physical and mental health [95]. In our
study, basal HPA axis functioning was not associated with urbanicity or mental health. Our
measures of biological stress reactivity, on the other hand, were somewhat associated with
both urbanicity and mental health.
Measures of biological stress reactivity indicate how well the stress systems respond to chal-
lenge [96] and can be calculated in a number of ways. Of these, acute (i.e. maximum stress
response) and overall (i.e. AUCi calculation) stress reactivity are widely used. Acute stress
reactivity is an indication of the strength of the biological stress response. The recommenda-
tion from recent work on the HPA axis response is to use this maximum stress response as an
index of stress reactivity [43]. In our study, urbanicity was directly associated with acute ANS
and HPA-axis reactivity, but not overall reactivity. Similarly, acute ANS reactivity was strongly
associated with mother-reported behavioral problems. In terms of both ANS and HPA axis
reactivity, acute reactivity (maximum stress response) seems to reflect the biological stress
response most accurately [43, 78]. For example, acute HPA axis reactivity seems to be less
influenced by HPA axis secretory activity that is not related to stress, compared to measures of
overall HPA axis reactivity [43]. Therefore, our study seems to provide some evidence for asso-
ciations between urbanicity and biological stress system functioning on the one hand, and
between biological stress system functioning and behavioral problems on the other hand.
AUCi calculations are another index of reactivity to stress, yet are distinct from maximum
stress response indicators as they provide a measure of the overall pattern of responsivity dur-
ing stress. We found that HPA-axis reactivity was associated with mother-reported emotional
problems, however, this association was weak. Overall stress reactivity was not associated with
urbanicity in our study. That different indices of biological stress reactivity are distinct con-
structs is furthermore reflected, in our study, in the bivariate correlations between the biologi-
cal stress reactivity indices, which were not particularly high (r between .18 and .36). Thus, our
findings highlight the relevance of including multiple indices of stress reactivity in order to
work toward a comprehensive understanding of biological stress system functioning in rela-
tion to mental health and the broader social environment.
Related to our observation that urbanicity was differentially related to particular indices of
biological stress system functioning, the two previous studies in adults that examined associa-
tions between urbanicity and biological stress system (re)activity also found different effects
for different indices of biological stress. Armstead and colleagues [58] found that urban resi-
dents showed greater heart rate reactivity (using change scores between baseline and stressful
tasks) compared to rural residents, whereas we found that urban adolescents showed blunted
heart rate reactivity compared to rural adolescents (Table 3 and [59]). Steinheuser and col-
leagues [57] reported that urban upbringing compared to rural upbringing was associated with
greater HPA axis reactivity to stress but a blunted cortisol awakening response. Thus, in the
few studies that have examined associations between urbanicity and biological stress system
functioning, the direction of effects within and across stress systems has not been consistent.
This could be partly due to some studies assessing current urbanicity and others assessing
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urban upbringing. The inconsistency is also similar to findings from the literature on the asso-
ciation between socioeconomic status and different measures of biological stress system func-
tioning [97–99]. Possibly, measures of long-term biological stress system functioning (e.g. hair
cortisol concentrations) are more relevant in the investigation of the effects of broader, long-
term environmental factors such as urbanicity and socioeconomic status. Indeed, associations
between socioeconomic status and long-term HPA axis functioning have been increasingly
reported in the literature [100–102]. Thus, such measures of long-term stress system function-
ing may be more appropriate to the study of long-term environmental stressors.
In our study, most of the indices of biological stress system functioning were not associated
with mental health problems in adolescents (arrow B, Fig 1), with two exceptions. Acute ANS
reactivity was associated with mother-reported behavioral problems and overall HPA-axis
reactivity was associated with mother-reported emotional problems. Thus, biological stress
reactivity was more strongly related to behavioral problems than to emotional problems. This
is consistent with previous research: blunted biological stress reactivity has been consistently
associated with behavioral problems [61, 103]. Earlier findings pertaining to emotional prob-
lems have been more mixed [104–106]. The results from our study underline the association
between biological stress reactivity, particularly ANS reactivity, and behavioral problems.
One of the critical issues in our study was to disentangle the effects of urbanicity and socio-
economic status by controlling for neighborhood- and family-level socioeconomic status.
Urbanicity and socioeconomic status are closely related [107], and most previous studies have
been unable to systematically examine the separate effects of each. In our study, while urbani-
city was not directly associated with mental health, neighborhood socioeconomic status was,
such that individuals from lower socioeconomic status neighborhoods exhibited more
mother-reported emotional problems. This is consistent with a large body of literature on the
effects of neighborhood socioeconomic status on youth [108, 109]. Interestingly, family socio-
economic status was not associated with mental health in youth in our study. The literature
regarding family versus neighborhood socioeconomic status effects on youth mental health
has been inconsistent, with some reports of neighborhood effects being more salient than fam-
ily effects [110], and other reports of family socioeconomic status accounting for the effects of
neighborhood socioeconomic status [111, 112]. Many of the inconsistencies may be attribut-
able to differences in measurement and analyses (e.g. use of single- or multilevel modeling),
and further research is needed to examine the associations, and potential interactions, between
urbanicity, socioeconomic status and mental health at the individual/family and neighborhood
levels. As a supplementary analysis, we ran our main analysis models without controlling for
family and neighborhood socioeconomic status, as socioeconomic conditions have been sug-
gested to underlie the association between urbanicity and mental health [14]. This supplemen-
tary analysis showed that the results remained largely the same as in the models controlling for
socioeconomic status, confirming that, in our study, the effects of urbanicity seem to be inde-
pendent of socioeconomic conditions.
The findings from this study should be taken in light of some important limitations. As
mentioned above, the majority of our sample consisted of adolescents from higher socioeco-
nomic status families, and thus the findings may not be generalizable to youth from lower
socioeconomic status backgrounds. In addition, the age range was large, which hampered our
ability to examine developmental effects. Furthermore, our data was cross-sectional in nature.
We included only adolescents who had lived in the same neighborhood for at least the past
year (since the T1 measurement), in this way strengthening the robustness of our main predic-
tor, however we were not able to account for longer-term neighborhood effects. Also, we used
‘administrative’ neighborhoods as defined by Statistics Netherlands in order to obtain objec-
tive measures of the neighborhood. Neighborhoods are defined based on areas with a
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homogenous socioeconomic structure [72], but they may differ from ‘natural’ neighborhoods,
or neighborhoods as perceived by the inhabitants, which may be more ecologically valid. Also
regarding the neighborhood, our measure of urbanicity was not evenly distributed across the
five categories, as most individuals resided in urban or very urban neighborhoods. This
uneven distribution may have affected our analyses. In addition, we did not account for the
association between behavioral and emotional problems, as we examined these outcomes in
separate models. Finally, we would like to emphasize that our study is just one part of a larger
picture regarding the associations between the broader social environment, biological stress
system functioning and mental health among adolescents. In our analyses, we did not include
many complex associations and interactions that unequivocally affect these and related factors.
Conclusions
Mental health problems have been posited to be more prevalent in individuals living in more
urban areas. We examined biological stress system functioning as a potential underlying
mechanism of this association in adolescents. There was some evidence for an indirect effect
of urbanicity on mother-reported behavioral problems via blunted acute ANS reactivity. How-
ever, most of the indirect effects tested were not statistically significant. Possibly, the relatively
high family socioeconomic status of most adolescents in our sample buffered the effects of
urbanicity on biological stress system functioning and mental health. Alternative measures of
biological stress such as long-term biological stress levels may be more suited to examining the
effects of the broader environment on youth.
Supporting information
S1 Fig. Flow chart describing the available data. ANS = autonomic nervous system,
HPA = hypothalamic-pituitary-adrenal.
(TIF)
S2 Fig. Percent of participants from each of the five categories of urbanicity as defined by
Statistics Netherlands. The urbanicity score is calculated using the surrounding address den-
sity (SAD) and coded as very rural (average SAD< 500 addresses per km2), rural (average
SAD between 500 and 1000 addresses per km2), town (average SAD between 1000 and 15000
addresses per km2), urban (average SAD between 1500 and 2500 addresses per km2), and very
urban (average SAD� 2500 addresses per km2). In the analyses, the urbanicity scale was uti-
lized as a continuous measure.
(TIF)
S1 File. Perceived stress questionnaire. Participants were shown a feelings thermometer
(available at https://www.pearsonclinical.nl/adis-c-complete-set) as they were asked these
questions. Translation was for the purpose of providing supplementary information and was
not done systematically.
(DOCX)
S1 Table. Differences between samples of those included in the final models and those
who were not included in the final models. AUCi = area under the curve with respect to
increase; MR = maximum response; AUCg = area under the curve with respect to ground;
SES = socioeconomic status; l/a/h = low/average/high. For continuous variables (i.e. behav-
ioral problems, emotional problems, urbanicity, all biological stress variables, neighbor-
hood SES variables and age) t and d statistics are reported, for categorical variables (i.e.
family SES and sex) χ2 and φ statistics are reported.
(DOCX)
PLOS ONE Urbanicity and stress in adolescents
PLOS ONE | https://doi.org/10.1371/journal.pone.0228659 March 18, 2020 16 / 24
S2 Table. Intraclass correlations (1 and 2) for all outcome and intermediary variables.
Intraclass correlations (ICC) were calculated using empty models. The ICC1 indicates the per-
centage of variance in behavioral and emotional problems that can be explained by group (i.e.
neighborhood) membership. The ICC2 is an indication of reliability and should be> .70
[113]. AUCiHR = area under the curve with respect to ground, calculated for heart rate;
MRHR = maximum heart rate response; AUCiC = area under the curve with respect to
increase, calculated for cortisol; MRC = maximum cortisol response; AUCgC = area under the
curve with respect to ground, calculated for cortisol.
(DOCX)
S3 Table. Manipulation check statistics from repeated measures analyses of variance test-
ing whether the psychosocial stress procedure induced perceived and biological stress. All
statistics are Greenhouse-Geisser corrected. Main effects of time: perceived stress model
df = 3.08, cortisol model df = 2.43, heart rate model df = 2.98. For all contrasts: df = 1. Pre-task
cortisol value pertains to the lower value of RC1 and RC2. MAT = mental arithmetic task;
PST = public speaking task; prep = preparation; CT = computer task.
(DOCX)
S4 Table. Zero-order correlations between all variables used in the main analyses. Bold =
p< .01; italics = p< .05. BP = behavioral problems; EP = emotional problems; self and mother
indicate the informant; AUCiHR = area under the curve with respect to ground, calculated for
heart rate; MRHR = maximum heart rate response; AUCiC = area under the curve with
respect to increase, calculated for cortisol; MRC = maximum cortisol response; AUCgC = area
under the curve with respect to ground, calculated for cortisol; SESem = socioeconomic status,
employment component; SESin = socioeconomic status, income component; SESfam = family
socioeconomic status; Puberty = pubertal stage; BMI = body mass index; TDexercise = test day
exercise; urbanicity, SES employment and SES income were measured at the neighborhood
level.
(DOCX)
S5 Table. Unstandardized estimates for structural equation models predicting behavioral
problems, not controlling for socioeconomic status. Bold indicates p< .01; italics indicates
p< .05; AUCiHR = area under the curve with respect to ground, calculated for heart rate;
MRHR = maximum heart rate response; AUCiC = area under the curve with respect to
increase, calculated for cortisol; MRC = maximum cortisol response; AUCgC = area under
the curve with respect to ground, calculated for cortisol. Model fit indices were: CFI = .98,
RMSEA = .03, SRMR = .04.
(DOCX)
S6 Table. Estimates for structural equation model pathways predicting autonomic nervous
system functioning variables, not controlling for socioeconomic status. Bold indicates p<
.01; italics indicates p< .05; AUCi = area under the curve with respect to increase;
MR = maximum response; Puberty = pubertal stage; BMI = body mass index; urbanicity was
measured at the neighborhood level. Estimates are as reported in the model predicting behav-
ioral problems, not controlling for socioeconomic status.
(DOCX)
S7 Table. Estimates for structural equation model pathways predicting HPA axis function-
ing variables, not controlling for socioeconomic status. Bold indicates p< .01; italics indi-
cates p< .05; AUCi = area under the curve with respect to increase; MR = maximum
PLOS ONE Urbanicity and stress in adolescents
PLOS ONE | https://doi.org/10.1371/journal.pone.0228659 March 18, 2020 17 / 24
response; AUCg = area under the curve with respect to ground; TD exercise = test day exercise;
urbanicity was measured at the neighborhood level. Estimates are as reported in the model
predicting behavioral problems, not controlling for socioeconomic status.
(DOCX)
S8 Table. Unstandardized estimates for structural equation models predicting emotional
problems, not controlling for socioeconomic status. Bold indicates p< .01; italics indicates
p< .05; AUCiHR = area under the curve with respect to ground, calculated for heart rate;
MRHR = maximum heart rate response; AUCiC = area under the curve with respect to
increase, calculated for cortisol; MRC = maximum cortisol response; AUCgC = area under the
curve with respect to ground, calculated for cortisol. Model fit indices were: CFI = .97, RMSEA
= .03, SRMR = .04.
(DOCX)
Acknowledgments
Data used in this study are from a large-scale longitudinal study (the JOiN study). conducted
by the Erasmus University Medical Center. Data from the study have been used in research
that has been published elswhere. We would like to thank all participants of the JOiN study
and their parents. The JOiN study was conducted by the Department of Child and Adolescent
Psychiatry/Psychology of the Erasmus University Medical Center.
Author Contributions
Conceptualization: Brittany E. Evans, Anja C. Huizink, Karin Roelofs.
Data curation: Brittany E. Evans, Kirstin Greaves-Lord, Jan van der Ende.
Formal analysis: Brittany E. Evans, Jan van der Ende.
Funding acquisition: Brittany E. Evans, Anja C. Huizink.
Investigation: Brittany E. Evans, Kirstin Greaves-Lord.
Methodology: Joke H. M. Tulen.
Project administration: Brittany E. Evans, Anja C. Huizink, Jan van der Ende.
Resources: Anja C. Huizink.
Visualization: Brittany E. Evans.
Writing – original draft: Brittany E. Evans.
Writing – review & editing: Brittany E. Evans, Anja C. Huizink, Kirstin Greaves-Lord, Joke
H. M. Tulen, Karin Roelofs, Jan van der Ende.
References
1. Giedd JN, Blumenthal J, Jeffries NO, Castellanos FX, Liu H, Zijdenbos A, et al. Brain development dur-
ing childhood and adolescence: a longitudinal MRI study. Nat Neurosci. 1999; 2(10):861–3. https://doi.
org/10.1038/13158 PMID: 10491603
2. Gogtay N, Giedd JN, Lusk L, Hayashi KM, Greenstein D, Vaituzis AC, et al. Dynamic mapping of
human cortical development during childhood through early adulthood. Proc Natl Acad Sci U S A. 2004;
101(21):8174–9. https://doi.org/10.1073/pnas.0402680101 PMID: 15148381
3. Sisk CL, Foster DL. The neural basis of puberty and adolescence. Nat Neurosci. 2004; 7(10):1040–7.
https://doi.org/10.1038/nn1326 PMID: 15452575
PLOS ONE Urbanicity and stress in adolescents
PLOS ONE | https://doi.org/10.1371/journal.pone.0228659 March 18, 2020 18 / 24
4. Steinberg L, Morris AS. Adolescent development. Annu Rev Psychol. 2001; 52:83–110. https://doi.org/
10.1146/annurev.psych.52.1.83 PMID: 11148300
5. Kessler RC, Berglund P, Demler O, Jin R, Walters EE. Lifetime prevalence and age-of-onset distribu-
tions’ of DSM-IV disorders in the national comorbidity survey replication. Arch Gen Psychiatry. 2005; 62
(6):593–602. https://doi.org/10.1001/archpsyc.62.6.593 PMID: 15939837
6. Paus T, Keshavan M, Giedd JN. Why do many psychiatric disorders emerge during adolescence? Nat
Rev Neurosci. 2008; 9(12):947–57. https://doi.org/10.1038/nrn2513 PMID: 19002191
7. Dahl RE. Adolescent brain development: A period of vulnerabilities and opportunities. Keynote address.
Ann N Y Acad Sci. 2004; 1021(1):1–22.
8. Aber JL, Gephart MA, Brooks-Gunn J, Connell JP. Development in context: Implications for studying
neighborhood effects. In: Brooks-Gunn J, Duncan GJ, Aber JL, editors. Neighborhood poverty. 1: Con-
text and consequences for children. New York: Russell Sage Foundation; 1997. p. 44–61.
9. Allison KW, Burton L, Marshall S, Perez-Febles A, Yarrington J, Bloch Kirsch L, et al. Life experiences
among urban adolescents: Examining the role of context. Child Dev. 1999; 70(4):1017–29. https://doi.
org/10.1111/1467-8624.00074 PMID: 10446733
10. Leventhal T, Dupere V, Shuey EA. Children in neighborhoods. In: Bornstein MH, Leventhal T, editors.
Handbook of child psychology and developmental science. Hoboken, N.J.: John Wiley & Sons, Inc.;
2016. p. 493–533.
11. Peen J, Schoevers RA, Beekman AT, Dekker J. The current status of urban-rural differences in psychi-
atric disorders. Acta Psychiatr Scand. 2010; 121(2):84–93. https://doi.org/10.1111/j.1600-0447.2009.
01438.x PMID: 19624573
12. van Os J, Kenis G, Rutten BPF. The environment and schizophrenia. Nat. 2010; 468(7321):203–12.
https://doi.org/10.1038/nature09563 PMID: 21068828
13. Colodro-Conde L, Couvy-Duchesne B, Whitfield JB, Streit F, Gordon S, Kemper KE, et al. Association
between population density and genetic risk for schizophrenia. J Am Med Assoc Psychiatr. 2018; 75
(9):901–10. https://doi.org/10.1001/jamapsychiatry.2018.1581 PMID: 29936532
14. Tost H, Champagne FA, Meyer-Lindenberg A. Environmental influence in the brain, human welfare and
mental health. Nat neurosci. 2015; 18(10):1421–31. https://doi.org/10.1038/nn.4108 PMID: 26404717
15. McDowell RD, Ryan A, Bunting BP, O’Neill SM, Alonso J, Bruffaerts R, et al. Mood and anxiety disor-
ders across the adult lifespan: a European perspective. Psychol Med. 2014; 44(4):707–22. https://doi.
org/10.1017/S0033291713001116 PMID: 23721650
16. Sundquist K, Frank G, Sundquist J. Urbanisation and incidence of psychosis and depression. Follow-up
study of 44 million women and men in Sweden. 2004; 184(4):293–8. https://doi.org/10.1192/bjp.184.4.
293 PMID: 15056572
17. Krabbendam L, van Os J. Schizophrenia and urbanicity: A major environmental influence—Conditional
on genetic risk. Schizophr Bull. 2005; 31(4):795–9. https://doi.org/10.1093/schbul/sbi060 PMID:
16150958
18. Marcelis M, Navarro-Mateu F, Murray R, Selten JP, van Os J. Urbanization and psychosis: a study of
1942–1978 birth cohorts in The Netherlands. Psychol Med. 1998; 28(4):871–9. https://doi.org/10.1017/
s0033291798006898 PMID: 9723142
19. Lauritsen MB, Astrup A, Pedersen CB, Obel C, Schendel DE, Schieve L, et al. Urbanicity and autism
spectrum disorders. J Autism Dev Disord. 2014; 44(2):394–404. https://doi.org/10.1007/s10803-013-
1875-y PMID: 23807204
20. Williams JG, Higgins JPT, Brayne CEG. Systematic review of prevalence studies of autism spectrum
disorders. Arch Dis Child. 2006; 91(1):8–15. https://doi.org/10.1136/adc.2004.062083 PMID: 15863467
21. Chen CY, Liu CY, Su WC, Huang SL, Lin KM. Factors associated with the diagnosis of neurodevelop-
mental disorders: A population-based longitudinal study. Pediatr. 2007; 119(2):E435–E43. https://doi.
org/10.1542/peds.2006-1477 PMID: 17272605
22. Lai D-C, Tseng Y-C, Hou Y-M, Guo HR. Gender and geographic differences in the prevalence of autism
spectrum disorders in children: Analysis of data from the national disability registry of Taiwan. Res Dev
Disabil. 2012; 33(3):909–15. https://doi.org/10.1016/j.ridd.2011.12.015 PMID: 22245733
23. Evans BE, Buil JM, Burk WJ, Cillessen AHN, van Lier PAC. Urbanicity is associated with behavioral
and emotional problems in Dutch elementary school-aged children. J Child Fam Stud. 2018:1–14.
https://doi.org/10.1007/s10826-018-1062-z
24. Rutter M, Cox A, Tupling C, Berger M, Yule W. Attainment and adjustment in 2 geographical areas. 1.
Prevalence of psychiatric-disorder. Br J Psychiatr. 1975; 126:493–509. https://doi.org/10.1192/bjp.126.
6.493 PMID: 1174767
PLOS ONE Urbanicity and stress in adolescents
PLOS ONE | https://doi.org/10.1371/journal.pone.0228659 March 18, 2020 19 / 24
25. Newbury J, Arseneault L, Caspi A, Moffitt TE, Odgers CL, Fisher HL. Why are children in urban neigh-
borhoods at increased risk for psychotic symptoms? Findings from a UK longitudinal cohort study. Schi-
zophr Bull. 2016; 42(6):1372–83. https://doi.org/10.1093/schbul/sbw052 PMID: 27153864
26. Shaw CR, McKay HD. Juvenile delinquency and urban areas. Chicago, Il: The University of Chicago
Press; 1942.
27. Lavik NJ. Urban-rural differences in rates of disorder. (A comparative psychiatric population study of
Norwegian adolescents.). In: Graham PJ, editor. Epidemiological approaches in child psychiatry. Lon-
don: Academic Press; 1977. p. 223–51.
28. Galliher RV, Rostosky SS, Hughes HK. School belonging, self-esteem, and depressive symptoms in
adolescents: An examination of sex, sexual attraction status, and urbanicity. J Youth Adolesc. 2004; 33
(3):235–45. https://doi.org/10.1023/B:JOYO.0000025322.11510.9d
29. Hart D, Marmorstein NR. Neighborhoods and genes and everything in between: Understanding adoles-
cent aggression in social and biological contexts. Dev Psychopathol. 2009; 21(3):961–73. https://doi.
org/10.1017/S0954579409000510 PMID: 19583892
30. Spauwen J, Krabbendam L, Lieb R, Wittchen HU, Van Os J. Evidence that the outcome of developmen-
tal expression of psychosis is worse for adolescents growing up in an urban environment. Psychol Med.
2006; 36(3):407–15. https://doi.org/10.1017/S0033291705006902 PMID: 16403242
31. Paxton RJ, Valois RF, Watkins KW, Huebner ES, Drane JW. Sociodemographic differences in
depressed mood: Results from a nationally representative sample of high school adolescents. J Sch
Health. 2007; 77(4):180–6. https://doi.org/10.1111/j.1746-1561.2007.00189.x PMID: 17425520
32. Breslau J, Marshall GN, Pincus HA, Brown RA. Are mental disorders more common in urban than rural
areas of the United States? J Psychiatr Res. 2014; 56:50–5. https://doi.org/10.1016/j.jpsychires.2014.
05.004 PMID: 24857610
33. Mizrahi R. Social stress and psychosis risk: Common neurochemical substrates? Neuropsychopharma-
cology. 2016; 41(3):666–74. https://doi.org/10.1038/npp.2015.274 PMID: 26346639
34. Schwab JJ, Nadeau SE, Warheit GJ. Crowding and mental-health. Pavlov J Biol Sci. 1979; 14(4):226–
33. https://doi.org/10.1007/bf03003004 PMID: 264018
35. Leviton LC, Snell E, McGinnis M. Urban issues in health promotion strategies. Am J Public Health.
2000; 90(6):863–6. https://doi.org/10.2105/ajph.90.6.863 PMID: 10846502
36. Selten JP, Cantor-Graae E. Social defeat: risk factor for schizophrenia? Brit J Psychiatr. 2005;
187:101–2. https://doi.org/10.1192/bjp.187.2.101 PMID: 16055818
37. Van Os J, Driessen G, Gunther N, Delespaul P. Neighbourhood variation in incidence of schizophrenia
—Evidence for person-environment interaction. Brit J Psychiatr. 2000; 176:243–8.
38. Zayan R. The specificity of social stress. Behav Processes. 1991; 25(2–3):81–93. https://doi.org/10.
1016/0376-6357(91)90011-N PMID: 24923968
39. Leary MR, Baumeister RF. The nature and function of self-esteem: Sociometer theory. Adv Exp Soc
Psychol, Vol 32. 2000; 32:1–62. https://doi.org/10.1016/s0065-2601(00)80003-9
40. Gunnar M, Quevedo K. The neurobiology of stress and development. Ann Rev Psychol. 2007. 10;
58:145–73.
41. Sapolsky RM, Romero LM, Munck AU. How do glucocorticoids influence stress responses? Integrating
permissive, suppressive, stimulatory, and preparative actions. Endocr Rev. 2000; 21(1):55–89. https://
doi.org/10.1210/edrv.21.1.0389 PMID: 10696570
42. Hugdahl K. Psychophysiology: The mind-body perspective. Cambridge, MA: Harvard University
Press; 1995.
43. Miller R, Wojtyniak JG, Weckesser LJ, Alexander NC, Engert V, Lehr T. How to disentangle psychobio-
logical stress reactivity and recovery: A for comparison of model-based and non-compartmental analy-
ses of cortisol concentrations. Psychoneuroendocrinol. 2018; 90:194–210. https://doi.org/10.1016/j.
psyneuen.2017.12.019 PMID: 29370954
44. Pruessner JC, Kirschbaum C, Meinlschmid G, Hellhammer DH. Two formulas for computation of the
area under the curve represent measures of total hormone concentration versus time-dependent
change. Psychoneuroendocrinol. 2003; 28(7):916–31. https://doi.org/10.1016/s0306-4530(02)00108-7
45. Joels M, Baram TZ. The neuro-symphony of stress. Nat Rev Neurosci. 2009; 10(6):459–U84. https://
doi.org/10.1038/nrn2632 PMID: 19339973
46. Lovallo WR. Do low levels of stress reactivity signal poor states of health? Biol Psychol. 2011; 86
(2):121–8. https://doi.org/10.1016/j.biopsycho.2010.01.006 PMID: 20079397
47. McEwen BS. The brain on stress: Toward an integrative approach to brain, body, and behavior. Per-
spect Psychol Sci. 2013; 8(6):673–5. https://doi.org/10.1177/1745691613506907 PMID: 25221612
PLOS ONE Urbanicity and stress in adolescents
PLOS ONE | https://doi.org/10.1371/journal.pone.0228659 March 18, 2020 20 / 24
48. Lupien SJ, McEwen BS, Gunnar MR, Heim C. Effects of stress throughout the lifespan on the brain,
behaviour and cognition. Nat Rev Neurosci. 2009; 10(6):434–45. https://doi.org/10.1038/nrn2639
PMID: 19401723
49. Klein ZA, Romeo RD. Changes in hypothalamic-pituitary-adrenal stress responsiveness before and
after puberty in rats. Horm Behav. 2013; 64(2):357–63. https://doi.org/10.1016/j.yhbeh.2013.01.012
PMID: 23465865
50. Hollenstein T, McNeely A, Eastabrook J, Mackey A, Flynn J. Sympathetic and parasympathetic
responses to social stress across adolescence. Dev Psychobiol. 2012; 54(2):207–14. https://doi.org/
10.1002/dev.20582 PMID: 21688260
51. Gunnar MR, Wewerka S, Frenn K, Long JD, Griggs C. Developmental changes in hypothalamus-pitui-
tary-adrenal activity over the transition to adolescence: Normative changes and associations with
puberty. Dev Psychopathol. 2009; 21(1):69–85. https://doi.org/10.1017/S0954579409000054 PMID:
19144223
52. Sumter SR, Bokhorst CL, Miers AC, Van Pelt J, Westenberg PM. Age and puberty differences in stress
responses during a public speaking task: Do adolescents grow more sensitive to social evaluation? Psy-
choneuroendocrinol. 2010; 35(10):1510–6. https://doi.org/10.1016/j.psyneuen.2010.05.004 PMID:
20541871
53. Champagne FA. Early environments, glucocorticoid receptors, and behavioral epigenetics. Behav Neu-
rosci. 2013; 127(5):628–36. https://doi.org/10.1037/a0034186 PMID: 24128352
54. Lederbogen F, Haddad L, Meyer-Lindenberg A. Urban social stress—Risk factor for mental disorders.
The case of schizophrenia. Environ Poll. 2013; 183:2–6. https://doi.org/10.1016/j.envpol.2013.05.046
PMID: 23791151
55. Lederbogen F, Kirsch P, Haddad L, Streit F, Tost H, Schuch P, et al. City living and urban upbringing
affect neural social stress processing in humans. Nat. 2011; 474(7352):498–501. https://doi.org/10.
1038/nature10190 PMID: 21697947
56. Streit F, Haddad L, Paul T, Frank J, Schafer A, Nikitopoulos J, et al. A functional variant in the neuropep-
tide S receptor 1 gene moderates the influence of urban upbringing on stress processing in the amyg-
dala. Stress. 2014; 17(4):352–61. https://doi.org/10.3109/10253890.2014.921903 PMID: 24800784
57. Steinheuser V, Ackermann K, Schoenfeld P, Schwabe L. Stress and the city: Impact of urban upbring-
ing on the (re)activity of the hypothalamus-pituitary-adrenal axis. Psychosom Med. 2014; 76(9):678–85.
https://doi.org/10.1097/PSY.0000000000000113 PMID: 25333499
58. Armstead CA, Anderson NB, Adams-Campbell LL, Hebert JR, Muna WFT. Urbanicity affects blood
pressure and heart rate reactivity to a speech stressor in Cameroon. Ethn Dis. 2010; 20(3):251–6.
PMID: 20828098
59. Evans BE, Greaves-Lord K, Euser AS, Tulen JHM, Franken IHA, Huizink AC. Determinants of physio-
logical and perceived physiological stress reactivity in children and adolescents. PloS one. 2013; 8(4):
e61724. https://doi.org/10.1371/journal.pone.0061724 PMID: 23620785
60. Evans BE, van der Ende J, Greaves-Lord K, Huizink AC, Beijers R, de Weerth C. Urbanicity, hypotha-
lamic-pituitary-adrenal axis functioning, and behavioral and emotional problems in children. BMC Psy-
chol. Forthcoming.
61. Ortiz J, Raine A. Heart rate level and antisocial behavior in children and adolescents: A meta-analysis.
Jo Am Acad Child Adolesc Psychiatr. 2004; 43(2):154–62.
62. Shirtcliff EA, Essex MJ. Concurrent and longitudinal associations of basal and diurnal cortisol with men-
tal health symptoms in early adolescence. Dev Psychobiol. 2008; 50(7):690–703. https://doi.org/10.
1002/dev.20336 PMID: 18726897
63. Evans BE. Urbanicity, basal stress system functioning, and behavioral and emotional problems in chil-
dren: Open Science Framework; 2017. Available from: osf.io/ug8de.
64. Koss KJ, Gunnar MR. Annual Research Review: Early adversity, the hypothalamic–pituitary–adreno-
cortical axis, and child psychopathology. J Child Psychol Psychiatr. 2018; 59(4):327–46.
65. Pedersen CB, Mortensen PB. Evidence of a dose-response relationship between urbanicity during
upbringing and schizophrenia risk. Arch Gen Psychiatry. 2001; 58(11):1039–46. https://doi.org/10.
1001/archpsyc.58.11.1039 PMID: 11695950
66. Evans BE. Urbanicity, stress reactivity, behavioral and emotional problems in adolescents. Open Sci-
ence Framework; 2017. Available from: https://osf.io/wjsw2/.
67. Huizink AC, Greaves-Lord K, Evans BE, Euser AS, van der Ende J, Verhulst FC, et al. Youth in the
Netherlands Study (JOiN): Study design. BMC Public Health. 2012; 12:350. https://doi.org/10.1186/
1471-2458-12-350 PMID: 22583863
PLOS ONE Urbanicity and stress in adolescents
PLOS ONE | https://doi.org/10.1371/journal.pone.0228659 March 18, 2020 21 / 24
68. Tick NT, van der Ende J, Verhulst FC. Twenty-year trends in emotional and behavioral problems in
Dutch children in a changing society. Acta Psychiatr Scand. 2007; 116(6):473–82. https://doi.org/10.
1111/j.1600-0447.2007.01068.x PMID: 17997726
69. Dickerson SS, Kemeny ME. Acute stressors and cortisol responses: A theoretical integration and syn-
thesis of laboratory research. Psychol Bull. 2004; 130(3):355–91. https://doi.org/10.1037/0033-2909.
130.3.355 PMID: 15122924
70. Achenbach T. for the Child Behavior Checklist/4-18 and 1991 Profile. Burlington VT: University of Ver-
mont, Department of Psychiatry. 1991.
71. Achenbach T. Manual for the Youth Self Report and 1991 Profile: Burlington VT: University of Vermont,
Department of Psychiatry; 1991.
72. Netherlands Statistics. Neighborhood Area. Den Haag/Heerlen: Statistics Netherlands; 2016.
73. Statistics Netherlands. Statline. Den Haag/Heerlen: Statistics Netherlands; 2015. Available from: www.
statline.cbs.nl.
74. den Dulk CJ, van de Stadt H, Vliegen JM. A new measure for the degree of urbanisation: The address
density of the surrounding area. Den Haag/Heerlen; 1992.
75. van Os J, Hanssen M, Bijl RV, Vollebergh W. Prevalence of psychotic disorder and community level of
psychotic symptoms—An urban-rural comparison. Arch Gen Psychiatry. 2001; 58(7):663–8. https://doi.
org/10.1001/archpsyc.58.7.663 PMID: 11448373
76. Frissen A, Lieverse R, Drukker M, Delespaul P, Lataster T, Myin-Germeys I, et al. Evidence that child-
hood urban environment is associated with blunted stress reactivity across groups of patients with psy-
chosis, relatives of patients and controls. Soc Psychiatr Psychiatri Epidemiol. 2014; 49(10):1579–87.
https://doi.org/10.1007/s00127-014-0859-3 PMID: 24643299
77. Peeters SC, van de Ven V, Gronenschild EHM, Patel AX, Habets P, Goebel R, et al. Default mode net-
work connectivity as a function of familial and environmental risk for psychotic disorder. PloS one. 2015;
10(3):e0120030. https://doi.org/10.1371/journal.pone.0120030 PMID: 25790002
78. Linden W, Earle TL, Gerin W, Christenfeld N. Physiological stress reactivity and recovery: Conceptual
siblings separated at birth? J Psychosom Res. 1997; 42(2):117–35. https://doi.org/10.1016/s0022-3999
(96)00240-1 PMID: 9076640
79. Alink LRA, van Ijzendoorn MH, Bakermans-Kranenburg MJ, Mesman J, Juffer F, Koot HM. Cortisol and
externalizing behavior in children and adolescents: Mixed meta-analytic evidence for the inverse rela-
tion of basal cortisol and cortisol reactivity with externalizing behavior. Dev Psychobiol. 2008; 50
(5):427–50. https://doi.org/10.1002/dev.20300 PMID: 18551461
80. Statistics Netherlands. Standard Education Division 2006. Den Haag/Heerlen; 2015.
81. Marshall WA, Tanner JM. Variations in the pattern of pubertal changes in boys. Arch Dis Child. 1970; 45
(239):13–23. https://doi.org/10.1136/adc.45.239.13 PMID: 5440182
82. R Core Team. R: A language and environment for statistical computing. Vienna, Austria: R Foundation
for Statistical Computing; 2017.
83. Bliese P. Multilevel: Multilevel Functions. R Package version 2.5. 2013.
84. Hu L, Bentler PM. Cutoff criteria for fit indexes in covariance struture analysis: Conventional criteria ver-
sus new alternatives. Struct Equ Modeling. 1999; 6:1–55.
85. Rosseel Y. lavaan: An R package for structural equation modeling. J Stat Softw. 2012; 48(2):1–36.
86. R Core Team. R: A language and environment for statistical computing. Vienna, Austria: R Foundation
for Statistical Computing; 2019.
87. Moshagen. semPower: Power Analyses for SEM. R package version 1.0.0. https://CRAN.R-project.
org/package=semPower. 2018.
88. Westenberg PM, Bokhorst CL, Miers AC, Sumter SR, Kallen VL, van Pelt J, et al. A prepared speech in
front of a pre-recorded audience: Subjective, physiological, and neuroendocrine responses to the Lei-
den Public Speaking Task. Biol Psychol. 2009; 82(2):116–24. https://doi.org/10.1016/j.biopsycho.2009.
06.005 PMID: 19576261
89. Johnston-Brooks CH, Lewis MA, Evans GW, Whalen CK. Chronic stress and illness in children: The
role of allostatic load. Psychosom Med. 1998; 60(5):597–603. https://doi.org/10.1097/00006842-
199809000-00015 PMID: 9773764
90. Evans GW. Child development and the physical environment. Ann Rev Psychol. 2006; 57:423–51.
91. de Vries S, van Dillen SME, Groenewegen PP, Spreeuwenberg P. Streetscape greenery and health:
Stress, social cohesion and physical activity as mediators. Soc Sci Med. 2013; 94:26–33. https://doi.
org/10.1016/j.socscimed.2013.06.030 PMID: 23931942
92. Baumrind D. Effects of authoritative parental control on child behavior. Child Dev. 1966; 37(4):887–&.
https://doi.org/10.1111/j.1467-8624.1966.tb05416.x
PLOS ONE Urbanicity and stress in adolescents
PLOS ONE | https://doi.org/10.1371/journal.pone.0228659 March 18, 2020 22 / 24
93. Morawska A, Winter L, Sanders MR. Parenting knowledge and its role in the prediction of dysfunctional
parenting and disruptive child behaviour. Child Care Health Dev. 2009; 35(2):217–26. https://doi.org/
10.1111/j.1365-2214.2008.00929.x PMID: 19134009
94. Waylen A, Stewart-Brown S. Factors influencing parenting in early childhood: a prospective longitudinal
study focusing on change. Child Care Health Dev. 2010; 36(2):198–207. https://doi.org/10.1111/j.1365-
2214.2009.01037.x PMID: 20015278
95. Nicolaides NC, Kyratzi E, Lamprokostopoulou A, Chrousos GP, Charmandari E. Stress, the stress sys-
tem and the role of glucocorticoids. Neuroimmunomodulation. 2015; 22(1–2):6–19. https://doi.org/10.
1159/000362736 PMID: 25227402
96. Kudielka BM, Wu¨st S. Human models in acute and chronic stress: Assessing determinants of individual
hypothalamus–pituitary–adrenal axis activity and reactivity. Stress. 2010; 13(1):1–14. https://doi.org/
10.3109/10253890902874913 PMID: 20105052
97. Steptoe A, Feldman RJ, Kunz S, Owen N, Willemsen G, Marmot M. Stress responsivity and socioeco-
nomic status—A mechanism for increased cardiovascular disease risk? Eur Heart J. 2002; 23
(22):1757–63. https://doi.org/10.1053/euhj.2001.3233 PMID: 12419295
98. Brenner AB, Zimmerman MA, Bauermeister JA, Caldwell CH. The physiological expression of living in
disadvantaged neighborhoods for youth. J Youth Adolesc. 2013; 42(6):792–806. https://doi.org/10.
1007/s10964-012-9838-8 PMID: 23086016
99. Kliewer W, Reid-Quinones K, Shields BJ, Foutz L. Multiple risks, emotion regulation skill, and cortisol in
low-income African American youth: A prospective study. J Black Psychol. 2009; 35(1):24–43. https://
doi.org/10.1177/0095798408323355
10-
0.Ri-
ppe RC, Noppe G, Windhorst DA, Tiemeier H, van Rossum EF, Jaddoe VW, et al. Splitting hair for cortisol?
Associations of socio-economic status, ethnicity, hair color, gender and other child characteristics with hair
cortisol and cortisone. Psychoneuroendocrinol. 2016; 66:56–64.
10-
1.Vli-
egenthart J, Noppe G, Van Rossum E, Koper J, Raat H, Van den Akker E. Socioeconomic status in children is
associated with hair cortisol levels as a biological measure of chronic stress. Psychoneuroendocrinol. 2016;
65:9–14.
10-
2.Br-
yson HE, Goldfeld S, Price AM, Mensah F. Hair cortisol as a measure of the stress response to social
adversity in young children. Dev Psychobiol. 2019. https://doi.org/10.1002/dev.21840 PMID: 30834520
10-
3.F-
airchild G, van Goozen SHM, Stollery SJ, Brown J, Gardiner J, Herbert J, et al. Cortisol diurnal rhythm and
stress reactivity in male adolescents with early-onset or adolescence-onset conduct disorder. Biol Psychiatr.
2008; 64(7):599–606. https://doi.org/10.1016/j.biopsych.2008.05.022 PMID: 18620338
10-
4.Ol-
dehinkel AJ, Bouma EMC. Sensitivity to the depressogenic effect of stress and HPA-axis reactivity in
adolescence: A review of gender differences. Neurosci Biobehav Rev. 2011; 35(8):1757–70. https://doi.org/
10.1016/j.neubiorev.2010.10.013 PMID: 21040743
10-
5.Gr-
eaves-Lord K, Ferdinand RF, Sondeijker FEPL, Dietrich A, Oldehinkel AJ, Rosmalen JGM, et al. Testing the
tripartite model in young adolescents: Is hyperarousal specific for anxiety and not depression? J Affect Disord.
2007; 102(1):55–63.
10-
6.B-
uitelaar JK. The role of the HPA-axis in understanding psychopathology: cause, consequence, mediator, or
moderator? Eur Child Adolesc Psychiatr. 2013; 22(7):387–9. https://doi.org/10.1007/s00787-013-0441-7
PMID: 23780304
10-
7.B-
oone-Heinonen J, Evenson KR, Song Y, Gordon-Larsen P. Built and socioeconomic environments:
patterning and associations with physical activity in US adolescents. Int J Behav Nutr Phys Act. 2010; 7:16.
https://doi.org/10.1186/1479-5868-7-16
PLOS ONE Urbanicity and stress in adolescents
PLOS ONE | https://doi.org/10.1371/journal.pone.0228659 March 18, 2020 23 / 24
10-
8.Le-
venthal T, Brooks-Gunn J. Children and youth in neighborhood contexts. Curr Direct Psychol Sci. 2003; 12
(1):27–31. https://doi.org/10.1111/1467-8721.01216
10-
9.D-
uncan GJ, Magnuson K, Votruba-Drzal E. Children and socioeconomic status. In: Bornstein MH, Leventhal
T, editors. Handbook of Child Psychology and Developmental Science. 4. Hoboken, New Jersey: John
Wiley & Sons; 2016. p. 534–74.
11-
0.K-
alff AC, Kroes M, Vles JSH, Hendriksen JGM, Feron FJM, Steyaert J, et al. Neighbourhood level and
individual level SES effects on child problem behaviour: a multilevel analysis. J Epidemiol Community Health.
2001; 55(4):246–50. https://doi.org/10.1136/jech.55.4.246 PMID: 11238579
11-
1.Tr-
acy M, Zimmerman FJ, Galea S, McCauley E, Stoep AV. What explains the relation between family poverty
and childhood depressive symptoms? J Psychiatr Res. 2008; 42(14):1163–75. https://doi.org/10.1016/j.
jpsychires.2008.01.011 PMID: 18308337
11-
2.R-
eijneveld SA, Veenstra R, de Winter AF, Verhulst FC, Ormel J, de Meer G. Area deprivation affects
behavioral problems of young adolescents in mixed urban and rural areas: The TRAILS study. J Adolesc
Health. 2010; 46(2):189–96. https://doi.org/10.1016/j.jadohealth.2009.06.004 PMID: 20113925
11-
3.Bli-
ese P. Within-group agreement, non-independence, and reliability: Implications for data aggregation and
analysis. In: Klein KJ, Kozlowski SW, editors. Multilevel Theory, Research, and Methods in Organizations.
San Francisco, CA: Jossey-Bass, Inc; 2000. p. 349–81.
PLOS ONE Urbanicity and stress in adolescents
PLOS ONE | https://doi.org/10.1371/journal.pone.0228659 March 18, 2020 24 / 24
